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Abstract. With discovery of the Higgs boson, the Standard Model of Particle Physics became 
complete. Its formulation is a remarkable story; and the process of verification is continuing, 
with the most important chapter being the least well understood. Quantum Chromodynamics 
(QCD) is that part of the Standard Model which is supposed to describe all of nuclear physics 
and yet, almost fifty years after the discovery of quarks, we are only just beginning to understand 
how QCD moulds the basic bricks for nuclei: pious, neutrons, protons. QCD is characterized 
by two emergent phenomena: confinement and dynamical chiral symmetry breaking (DCSB), 
whose implications are extraordinary. This contribution describes how DCSB, not the Higgs 
boson, generates more than 98% of the visible mass in the Universe, explains why confinement 
guarantees that condensates, those quantities that were commonly viewed as constant mass- 
scales that fill all spacetime, are instead wholly contained within hadrons, and elucidates a 
range of observable consequences of confinement and DCSB whose measurement is the focus of 
a vast international experimental programme. 


1. Introduction 

A context for this report is provided by the experimental programmes underway and planned at 
the Thomas Jefferson National Accelerator Facility (JLab), Newport News, Virginia. Funds for 
the development of research plans and designs for the Continuous Electron Beam Accelerator 
Facility (CEBAF) at JLab were initially provided in 1984, and construction began in 1987. 
Seven years later, in 1994, the facility achieved its design capability, delivering 4GeV electron 
beams on targets in the three associated experimental halls. The goal was to “write the book” 
about the strongest known force in Nature - the force that holds nuclei together - and determine 
how that force can be explained in terms of the gluons and quarks of QCD. 

An aim of the original JLab programme was verification of the following prediction: at 
energy-scales greater than some minimum value, Q o, whose value was not determined by the 
proof, cross-sections and form factors involving hadrons should behave as follows: [DEI El 12 EE] 
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where the integer N = n quar k s — 1 + AA, with n quar k s counting the lowest possible number 
of quarks and/or antiquark in the target and A A = 0,1, depending upon whether a spin- 
flip occurs in the scattering process. The power-law term gives rise to parton-model scaling 
and can be explained on dimensional grounds. The distinctive signature of QCD lies in the 
logarithmic factor, the exponent on which, 7 ^, can be computed and whose appearance signals 








scaling violation, which is well documented in deep inelastic scattering [7]. It was optimistically 
imagined that Q q might be as small as 1 GeV and so CEBAF was designed to reach 4 GeV. 

In the ten years following achievement of design capacity, numerous fascinating experimental 
results were obtained at JLab, including an empirical demonstration that the distribution of 
charge and magnetization within the proton are completely different E si ma mi Da H3i , viz. 

^pG p E {Q 2 )/G p m (Q 2 ) ^ 1. (2) 

This fact, which overturned a longstanding particle physics paradigm, along with a 
range of related observations, can be explained by the presence of strong, nonpointlike, 
electromagnetically-active scalar and axial-vector diquark correlations within the nucleon 
nuna nEura ng na Ea eb. However, notwithstanding the breadth of JLab’s programme 
and the excitement it has generated, no experiment has yet produced an unambiguous signal for 
the realisation of Eq. ®, i-e. as yet, we have no clear sign of parton model scaling and certainly 
no sign of scaling violations. Partly owing to this but also with a vast array of new experimental 
tests of the Standard Model’s strong interaction sector in mind [22], it was decided in 2004 that 
CEBAF should be upgraded so that it could deliver 12 GeV electrons on targets. That upgrade 
is now complete and commissioning beams are being sent to the experimental halls. 

The JLab 12 facility and, indeed, an array of modern accelerators worldwide, will confront 
a diverse range of scientific challenges. In the foreseeable future, we will know the results 
of a search for hybrid and exotic hadrons, the discovery of which would force a dramatic 
reassessment of the distinction between matter and force fields in Nature. Opportunities 
provided by new data on hadron elastic and transition form factors will be exploited, yielding 
insights into the infrared running of QCD’s coupling and dressed-masses, revealing correlations 
that are key to hadron structure, exposing the facts or fallacies in contemporary descriptions 
of hadron structure, and seeking for verification of Eq. ® in numerous processes. Precision 
experimental studies of the valence-quark region will proceed, with the results being used to 
confront predictions from theoretical computations of distribution functions and distribution 
amplitudes - computation is critical here because without it no amount of data will reveal 
anything about the theory underlying the phenomena of strong interaction physics. In addition, 
the international community will seek and exploit opportunities to use precision-QCD as a 
probe for physics beyond the Standard Model. Each of the pieces in this body of exploration, 
however, can be viewed as steps aimed toward understanding a single overarching puzzle within 
the Standard Model, viz. what is confinement and how is it related to DCSB - the origin of the 
vast bulk of visible mass. 

In order to match the rate at which progress is being made experimentally and, better, 
to guide and enhance that programme, flexible, responsive theoretical approaches are needed: 
methods that are capable both of rapidly providing an intuitive understanding of complex 
problems and illuminating a path toward answers and new discoveries. In this milieu, 
notwithstanding its steady progress toward results with input parameters that approximate 
the real world, the numerical simulation of lattice-regularised QCD will not suffice. Approaches 
formulated in the continuum and inspired by, based upon, or connected directly with QCD 
are necessary. Prominent amongst such tools are QCD Sum Rules [23] and Dyson-Schwinger 
equations (DSEs) [24], both of which were canvassed at this Workshop. 

2. Quantum Chromodynamics 

QCD is a quantum gauge field theory based on the group SU( 3) [25]; and following around 
forty years of study, there is no confirmed breakdown over an enormous energy domain: 
0 < E < 8TeV. Consequently, QCD is plausibly the only known instance of a quantum field 
theory that can rigorously be defined nonperturbatively [26], in which case it is truly a field 
theory not merely an effective field theory. The possibility that QCD might be rigorously well 
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Figure 1. Dressed-quark self energy, which is 
the dynamical content of QCD’s most basic fermion 
gap equation. The kernel is composed from the 
dressed-gluon propagator (spring with dark circle) 
and the dressed-quark-gluon vertex (light-circle). 
The equation is nonlinear owing to the appearance of 
the dressed-quark propagator (line with dark circle). 
This image encodes every valid Feynman diagram 
relevant to the quark dressing process. (Momentum 
flows from riglit-to-left.) 


defined is one of its deepest fascinations. In that case, QCD could stand alone as an archetype - 
the only internally consistent quantum field theory which is defined at all energy scales. This is 
a remarkable possibility with wide-ranging consequences and opportunities, e.g. it means that 
QCD-like theories provide a viable paradigm for extending the Standard Model to greater scales 
than those already probed. Contemporary research in this direction is typified by the notion 
of extended technicolour E3E8], in which electroweak symmetry breaks via a fermion bilinear 
operator in a strongly-interacting non-Abelian theory; and the Higgs sector of the Standard 
Model becomes an effective description of a more fundamental fermionic theory, similar to the 
Ginzburg-Landau theory of superconductivity. 

2.1. Confinement 

This notion has already been mentioned. However, in order to consider the concept further it is 
actually crucial to define the subject. That problem is canvassed in Sec. 2.2 of Ref. [24] , which 
explains that the potential between infinitely-heavy quarks measured in numerical simulations 
of quenched lattice-regularised QCD - the so-called static potential [29] - is irrelevant to the 
question of confinement in our Universe, in which light quarks are ubiquitous and the pion is 
unnaturally light. This is because light-particle creation and annihilation effects are essentially 
nonperturbative in QCD and so it is impossible in principle to compute a quantum mechanical 
potential between two light quarks [Sol ED- This means there is no flux tube in a Universe with 
light quarks and consequently that the flux tube is not the correct paradigm for confinement. 

An alternative perspective associates confinement with dramatic, dynamically-driven changes 
in the analytic structure of QCD’s propagators and vertices. In this realisation, confinement is 
a dynamical process. In fact, as will subsequently be explained, contemporary theory predicts 
that both quarks and gluons acquire running mass distributions in QCD, which are large at 
infrared momenta (see, e.g. Refs. [321E31(Ml ESI [361 [37]). The generation of these masses leads 
to the emergence of a length-scale ? ~ 0.5 fm, whose existence and magnitude is evident in all 
existing studies of dressed-gluon and -quark propagators and which characterizes a dramatic 
change in their analytic structure. In models based on such features [38], once a gluon or quark 
is produced, it begins to propagate in spacetime; but after each “step” of length q, on average, 
an interaction occurs so that the parton loses its identity, sharing it with others. Finally a 
cloud of partons is produced, which coalesces into colour-singlet final states. Such pictures of 
parton propagation, hadronisation and confinement can be tested in experiments at modern and 
planned facilities. 

2.2. Dynamical chiral symmetry breaking 

Whilst the nature and realisation of confinement in empirical QCD is still being explored, DCSB; 
namely, the generation of mass from nothing, is a theoretically-established nonperturbative 
feature of QCD. It is important to insist on the term “dynamical,” as distinct from spontaneous, 







Figure 2. Dressed-quark mass function, M(p) 
in Eq. (J5]): solid curves - DSE results, explained 
in Refs. EU S3, “data” - numerical simulations of 
lattice-regularised QCD [33] . (NB. m — 70MeV 
is the uppermost curve and current-quark mass 
decreases from top to bottom.) The current-quark of 
perturbative QCD evolves into a constituent-quark 
as its momentum becomes smaller. The constituent- 
quark mass arises from a cloud of low-momentum 
gluons attaching themselves to the current-quark. 
This is DCSB: an essentially nonperturbative effect 
that generates a quark mass from nothing ; namely, 
it occurs even in the chiral limit. 


because nothing is added to QCD in order to effect this remarkable outcome and there is no 
simple change of variables in the QCD action that will make it apparent. Instead, through the 
act of quantising the classical chrornodynamics of massless gluons and quarks, a large mass-scale 
is generated. DCSB is the most important mass generating mechanism for visible matter in the 
Universe, being responsible for approximately 98% of the proton’s mass. 

A fundamental expression of DCSB is the behaviour of the quark mass-function, M(p), which 
is a basic element in the dressed-quark propagator 

S(p) = l/[*7 -pA(p 2 ) + B(p 2 )} = Z(p 2 )/[i-f -p + M(p 2 )}, (3) 

which may be obtained as a solution to QCD’s most basic fermion gap equation (see Fig. [I]). 
The highly nontrivial behaviour of the mass function, depicted in Fig. [2] arises primarily because 
a dense cloud of gluons comes to clothe a low-momentum quark; and explains how an almost- 
massless parton-like quark at high energies transforms, at low energies, into a constituent-like 
quark, which possesses an effective “spectrum mass” Mjj ~ 350 MeV. Consequently, the proton’s 
mass is two orders-of-magnitude larger than the sum of the current-masses of its three valence- 
quarks. 

2.3. Whence the mass? 

One might ask just how the self-energy depicted in Fig.Q] is capable of generating mass from 
nothing , viz. the m = 0 curve in Fig. (2] which cannot arise in the classical theory. The answer 
lies in the fact that Fig. [T] is a deceptively simply picture. It actually corresponds to a countable 
infinity of diagrams, all of which can potentially contribute. To provide a context, quantum 
electrodynamics, an Abelian gauge theory, has 12 672 diagrams at order a 5 in the computation 
of the electron’s anomalous magnetic moment [39]. Owing to its foundation in the non-Abelian 
group SU( 3), the analogous perturbative computation of a quark’s anomalous chromomagnetic 
moment has many more diagrams at this order in the strong coupling. The number of diagrams 
represented by the self energy in Fig. [I| grows equally rapidly, i.e. combinatorially with the 
number of propagators and vertices used at a given order. Indeed, proceeding systematically, a 
computer will very quickly generate the first diagram in which the number of loops is so great 
that it is simply impossible to calculate in perturbation theory: impossible in the sense that we 
don’t yet have the mathematical capacity to solve the problem. 

Each of the diagrams which contributes to M(p 2 ) in a weak-coupling expansion of Fig. [T] is 
multiplied by the current-quark mass, m. Plainly, any finite sum of diagrams must therefore 
vanish as m —>■ 0. However, with infinitely many diagrams the situation might be very different: 







one has “0 x oo,” a product whose limiting value is contingent upon the cumulative magnitude 
of each term in the sum. Consider therefore the behaviour of M(p 2 ) at large p 2 . QCD is 
asymptotically free @011311112]. Hence, on this domain, each of the regularised loop diagrams 
must individually evaluate to a small number whose value depends on just how large is the 
coupling. It will not be surprising, therefore, to learn that for a monotonically-decreasing 
running-coupling, as(k 2 ), there is a critical value of ctg( 0 ) above which the magnitude of the 
sum of infinitely many diagrams is sufficient to balance the linear decrease of rh —>• 0 , so that 
the answer is nonzero and finite in this limit, viz., 

3ag(0) | Vag(0) > a c s (0), M 0 (p 2 ) := lim M(p 2 ;rh ) / 0. (4) 

m —>0 

The internal consistency of QCD appears to guarantee that the limit is always finite. (The case 
of Abelian theories is more complicated @3J because they are not asymptotically free.) 

2.4- Enigma of mass 

The pion is Nature’s lightest hadron. In fact, it is peculiarly light, with a mass just one-fifth of 
that which quantum mechanics would lead one to expect. This remarkable feature has its origin 
in DCSB. In quantum held theory the pion’s structure is described by a Bethe-Salpeter amplitude 
(here k is the relative momentum between the valence-quark and -antiquark constituents, and 
P is their total momentum): 

T n (k-,P) = 75 [iE n (k]P) +7 • PF 7 r (A:;P) +7 • kG n (k\P) - a gu k fl P u H 7T (k; P)\ , (5) 

which is simply related to an object that would be its Schrodinger wave function if a 
nonrelativistic limit were appropriate. In QCD if, and only if, chiral symmetry is dynamically 
broken, then for m = 0 (331 S 5 ] : 

f n E^k-0) = B(k 2 ), (6) 

where the right-hand-side is a scalar function in the dressed-quark propagator, Eq. (|3j). This 
identity is miraculous. It means that the two-body problem is solved, almost completely, with¬ 
out lifting a finger, once the solution to the one body problem is known. Eq. ([ 6 ]) is a quark-level 
Goldberger-Treiman relation. It is also the most basic expression of Goldstone’s theorem in 
QCD, viz. 

Goldstone’s theorem is fundamentally an expression of equivalence between the one-body 
problem and the two-body problem in QCD’s colour-singlet pseudoscalar channel. 

Eq. (@]) emphasises that Goldstone’s theorem has a pointwise expression in QCD; and, 
furthermore, that pion properties are an almost direct measure of the mass function depicted in 
Fig. [2] Thus, enigmatically, properties of the (nearly-)massless pion are the cleanest expression 
of the mechanism that is responsible for almost all the visible mass in the Universe. Plainly, 
DCSB has a very deep and far-reaching impact on physics within the Standard Model. 

2.5. Gluon cannibalism 

It is not just the propagation of quarks that is affected by strong interactions in QCD. The 
propagation of gluons, too, is described by a gap equation; and its solution shows that gluons 
are cannibals: they are a particle species whose members become massive by eating each other! 
The associated gluon mass function, m g (k 2 ), is monotonically decreasing with increasing k 2 and 
recent work m has established that 

m g (k 2 = 0) ps 0.5 GeV. 


( 7 ) 


The value of the mass-scale in Eq. (]2|) is natural in the sense that it is commensurate with 
but larger than the value of the dressed light-quark mass function at far infrared momenta: 
M{ 0) ~ 0.3 GeV (see Fig. [2]). Moreover, the mass term appears in the transverse part of the 
gluon propagator, hence gauge-invariance is not tampered with; and the mass function falls as 
1/k 2 for k 2 m g ( 0) (up to logarithmic corrections), so the gluon mass is invisible in perturbative 
applications of QCD. 

Gauge boson cannibalism presents a new physics frontier within the Standard Model. 
Asymptotic freedom means that the ultraviolet behaviour of QCD is controllable. At the other 
extreme, dynamically generated masses for gluons and quarks entail that QCD creates its own 
infrared cutoffs. Together, these effects eliminate both the infrared and ultraviolet problems 
that typically plague quantum field theories and thereby make reasonable the hope that QCD 
is nonperturbatively well defined. 

The dynamical generation of gluon and quark masses provides a basis for understanding 
the notion of a maximum wavelength for gluons and quarks in QCD [36]. Indeed, given the 
magnitudes of the gluon and quark mass-scales, it is apparent that held modes with wavelengths 
A > ? ~ 2/m g (0) ~ 0.5 fm decouple from the dynamics. They are screened in the sense described 
in Sec. I2T1 This is just one consequence of the appearance of a dynamically generated gluon 
mass-scale. 

There are many more. For example, the exceptionally light pion degree-of-freedom becomes 
dominant in QCD at those length-scales above which dressed-gluons and -quarks decouple from 
the theory owing to the large magnitudes of their dynamically generated masses. It is therefore 
conceivable that Gribov copies have no measurable impact on observables within the Standard 
Model because they affect only those gluonic modes whose wavelengths lie in the far infrared; 
and such modes are dynamically screened, by an exponential damping factor ~ exp(—A/<Q, 
so that their role in hadron physics is superseded by the dynamics of light-hadrons. This 
conjecture is consistent with the insensitivity to Gribov copies of the dressed-gluon and -quark 
two-point Schwinger functions observed in numerical simulations of QCD on fine lattices [471148] . 
Another plausible conjecture is that dynamical generation of an infrared gluon mass-scale leads 
to saturation of the gluon parton distribution function at small Bjorken-x within hadrons. The 
possible emergence of this phenomenon stirs great scientific interest and curiosity. It is a key 
motivation in plans to construct an electron ion collider (EIC) that would be capable of producing 
a precise understanding of collective behaviour amongst gluons [49] , 

3. Continuum-QCD and ab initio predictions of hadron observables 

Within contemporary hadron physics there are two common methods for determining the 
momentum-dependence of the interaction between quarks: the top-down approach, which works 
toward an ab initio computation of the interaction via direct analysis of the gauge-sector gap 
equations; and the bottom-up scheme, which aims to infer the interaction by fitting data within 
a well-defined truncation of those equations in the matter sector that are relevant to bound-state 
properties. These two approaches have recently been united m by a demonstration that the 
renormalisation-group-invariant (RGI) running-interaction predicted by contemporary analyses 
of QCD’s gauge sector coincides with that required in order to describe ground-state hadron 
observables using a nonperturbative truncation of QCD’s Dyson-Schwinger equations in the 
matter sector, i.e. the DCSB-improved (DSE-DB) kernel elucidated in Refs. [501 (5T1 f52 |. 

The unification is illustrated in Fig. [3] the right panel presents a comparison between the 
top-down RGI interaction (solid-black curve, derived from the left panel) and the DB-truncation 
bottom-up interaction (green band containing dashed curve). Plainly, the interaction predicted 
by modern analyses of QCD’s gauge sector is in near precise agreement with that required for 
a veracious description of measurable hadron properties using the most sophisticated matter- 
sector gap and Bethe-Salpeter kernels available today. This is a remarkable result, given that 
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Figure 3. Left panel - RGI running interaction strength computed via a combination of DSE- and 
lattice-QCD analyses, as explained in Ref. 53]. The function obtained with five different values of 
the renormalisation point is depicted in order to highlight that the result is RGI. The interaction is 
characterized by a value ck s ( 0) « 0.97r and the gluon mass-scale in Eq. ([7]) . Right panel - Comparison 
between top-down results for the gauge-sector interaction (derived from the left-panel) with those obtained 
using the bottom-up approach based on hadron physics observables. Solid curve - top-down result for 
the RGI running interaction; dot-dashed curve within pale-red band - bottom-up result obtained in the 
RL truncation; and dashed curve within pale-green band - advanced bottom-up result obtained in the 
DB truncation. The bands denote the domain of uncertainty in the bottom-up determinations of the 
interaction. All curves are identical on the perturbative domain: k 2 > 2.5 GeV 2 . 


there had previously been no serious attempt at communication between practitioners from the 
top-down and bottom-up hemispheres of continuum-QCD. It bridges a gap that had lain between 
nonperturbative continuum-QCD and the ab initio prediction of bound-state properties. 

A comparison between the top-down prediction and that inferred using the simple DSE-RL 
kernel (red band containing dot-dashed curve) is also important. One observes that the DSE-RL 
result has the correct shape but is too large in the infrared. This is readily explained and it 
follows that whilst the RL truncation supplies a useful computational link between QCD’s gauge 
sector and measurable hadron properties, the model interaction it delivers is not a pointwise- 
accurate representation of ghost-gluon dynamics. Notwithstanding this, it remains true that 
the judicious use of RL truncation can yield reliable predictions for a known range of hadron 
observables, with an error that may be estimated and whose origin is understood. 

4. A Physical Vacuum 

As the preceding discussion indicates, DCSB is a crucial emergent feature of the Standard 
Model. It is very clearly expressed in the dressed-quark mass function of Fig. [2] However, 
this understanding is relatively recent. DCSB was historically conflated with the existence of 
a spacetime-independent quark-antiquark condensate, (qq), that permeates the Universe. This 
notion was born with the introduction of QCD sum rules as a theoretical artifice to estimate 
nonperturbative strong-interaction matrix elements j5~l . 5o] and is typically tied to a belief that 
the QCD vacuum is characterized by numerous distinct, spacetime-independent condensates, as 
illustrated in the left panel of Fig.|H 

This belief is harmless unless one imagines that the theory of gravity is understood well 
enough so that it may reliably be coupled to quantum field theory. Subscribers to this view 
argue |60l 6l] that the energy-density of the Universe must receive a contribution from such 
vacuum condensates and that the only possible covariant form for the energy of the (quantum) 
vacuum, viz. 

t vac 
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Figure 4. Left panel - The QCD vacuum was historically imagined to be a “frothing sea,” with 
hadrons being merely bubbles of foam containing nothing but quarks and gluons interacting perturbatively 
throughout. Only near the bubble’s boundary did some sort of strong interaction occur, enforcing quark 
and gluon confinement. Right panel - A modern view EH E3 Eg GH2 flips the picture completely. The 
space between hadrons is “empty,” except for the perturbative quantum fluctuations that characterise 
all quantum field theories. The interior of hadrons, however, is extremely complex, with nonperturbative 
dynamics dominating in ~ 98% of the interior: the so-called condensates are spacetime-dependent and 
confined within the hadrons. 


is mathematically equivalent to the cosmological constant. From this perspective, the quantum 
vacuum is [60] .. a perfect fluid and precisely spatially uniform ...” so that “Vacuum energy 

is almost the perfect candidate for dark energy.” Now, if the ground state of QCD is really 
expressed in a nonzero spacetime-independent expectation value (qq ), then the energy difference 
between the symmetric and broken phases is roughly Mqcd ~ 0.3 GeV, as indicated by Fig. [2] 
One obtains therefrom: 

p% CD = 10 46 pf s , (9) 

i.e. the contribution from the QCD vacuum to the energy density associated with the 
cosmological constant exceeds the observed value by forty-six orders-of-magnitude. In fact, 
the discrepancy is far greater if the Higgs vacuum expectation value is treated in a similar 
manner. 

This mismatch has been called [62] .. one of the gravest puzzles of theoretical physics.” 

However, it vanishes if one discards the notion that condensates have a physical existence, which 
is independent of the hadrons that express QCD’s asymptotically realisable degrees of freedom 
[56]; namely, if one accepts that such condensates are merely mass-dimensioned parameters in 
one or another theoretical computation and truncation scheme. This appears mandatory in a 
confining theory [58] EH El], a perspective one may embed in a broader context by considering 
just what is observable in quantum field theory [63] : “...although individual quantum field 
theories have of course a good deal of content, quantum field theory itself has no content beyond 
analyticity, unitarity, cluster decomposition and symmetry.” If QCD is a confining theory, 
then the principle of cluster decomposition is only realised for colour singlet states [6T] and 
all observable consequences of the theory, including its ground state, can be expressed via a 
hadronic basis. This is quark-hadron duality. 

The new hypothesis [Ml EZUS3 E2] can therefore be stated succinctly as follows: “If quark- 
hadron duality is a reality in QCD, then condensates, those quantities that have commonly been 
viewed as constant empirical mass-scales that fill all spacetime, are instead wholly contained 



within hadrons, i.e. they are a property of hadrons themselves and expressed, for example, in 
their Bethe-Salpeter or light-front wave functions.” This view is depicted in the right panel of 
Fig. 0] and canvassed fully in Sec. 4 of Ref. [24] . It presents the reasonable perspective that the 
understanding of hadrons requires that one explain what lies within those hadrons in contrast to 
the historical alternative, which suggested that hadrons could only be understood by explaining 
the properties of the vast spacetime domains that contain no hadrons at all. 

The shift in perspective highlighted by the right panel of Fig. [4] does not undermine the 
utility of the QCD sum rules approach to the estimation of hadron observables. Instead, it 
tames the condensates so that they return to being merely mass-dimensioned parameters in 
a valuable computation scheme. Its implications are, however, significant and wide-ranging. 
For example, in connection with the cosmological constant, putting QCD condensates back into 
hadrons reduces the mismatch between experiment and theory by a factor of 10 46 . Furthermore, 
if technicolour-like theories [ 2 ? , 28] are the correct scheme for explaining electroweak symmetry 
breaking, then the impact of the notion of in-hadron condensates is far greater still. 

5. Hadron interiors 

Since the advent of the parton model and the first deep inelastic scattering experiments there has 
been a determined effort to deduce the parton distribution functions (PDFs) of the most stable 
hadrons [65] . The behaviour of such distributions on the valence domain (Bjorken-x > 0.5) is 
of particular interest because this domain is definitive of hadrons, e.g. quark content on the 
valence domain is how one distinguishes between a neutron and a proton: a neutron possesses 
one valence u-quark plus two valence d-quarks whereas the proton possesses two valence u-quarks 
plus one valence d-quai'k. Indeed, all Poincare-invariant properties of a hadron: baryon number, 
charge, total spin, etc., are determined by the PDFs which dominate on the valence domain. 
Moreover, via QCD evolution [ 56 i [ 6 TI [ 68 , [ 66 ] , PDFs on the valence-quark domain determine 
backgrounds at the large hadron collider. There are also other questions, e.g. regarding flavour 
content of a hadron’s sea and whether that sea possesses an intrinsic component [701 EU- The 
answers to all these questions are essentially nonperturbative properties of QCD. 

Recognising the significance of the valence domain, a new generation of experiments, focused 
on x > 0.5, is planned at JLab, and under examination in connection with Drell-Yan studies 
at Fermilab and a possible EIC. Consideration is also being given to experiments aimed at 
measuring parton distribution functions in mesons at J-PARC. Furthermore, at FAIR it would 
be possible to directly measure the Drell-Yan process from high-x antiquarks in the antiproton 
annihilating with quarks in the proton. 

A concentration on such measurements requires theory to move beyond merely parametrising 
distribution functions and amplitudes. Computation within QCD-connected frameworks 
becomes critical because without it, no amount of data will reveal anything about the theory 
underlying strong interaction phenomena. This is made clear by the example of the pion’s 
valence-quark PDF, u^(x), in connection with which a failure of QCD was suggested following 
a leading-order analysis of nN Drell-Yan measurements m- As explained in Ref. [65] . this 
confusion was fostered by the application of a diverse range of models. On the other hand, a 
series of QCD-connected calculations cacai tza esj subsequently established that the leading- 
order analysis was misleading, so that u J (x) may now be seen as a success for the unification of 
nonperturbative and perturbative studies in QCD. 

A framework that provides access to the pion’s valence-quark PDF can also be employed 
to compute its PDAs. For example, the pion’s leading-twist two-particle PDA is given by the 
following projection of the pion’s Bethe-Salpeter wave function onto the light-front m 

fnVir{x-, 0 = tr C D^2 / <5(n • q v - xn ■ P) 757 • n S(q v )T(q; P)S(q^) , 

J dq 


(10) 



Figure 5. Twist-two pion PDA computed 
using two very different DSE truncations at a 
scale ( = 2 GeV. Dashed curve - rainbow-ladder 
(RL), the leading-order in a systematic, sym¬ 
metry-preserving scheme m H3; and solid curve 
- the most sophisticated kernel that is currently 
available; namely, a DCSB-improved (DB) kernel 
that incorporates nonperturbative effects generated 
by DCSB that are omitted in RL truncation and any 
stepwise improvement thereof [501 EL E2|- These 
results are consistent with contemporary lattice- 
QCD [50J EU [55] . The dotted curve is ip^ sy (x) = 
6x(l — x), the result obtained in conformal QCD 
110 . 


where: f n is the pion’s leptonic decay constant; is a Poincare-invariant regularization of 
the four-dimensional integral, with A the ultraviolet regularization mass-scale; A) is the 

quark wave-function renormalisation constant, with ( the renormalisation scale; n is a light-like 
four-vector, n 2 = 0; and P is the pion’s four-momentum, P 2 = — m 2 and n ■ P = —m^, with m„ 
being the pion’s mass. 

The amplitude in Eq. (OH has been computed using two very different truncations of QCD’s 
DSEs [77] , with the result depicted in Fig.E] Both kernels agree: compared with the asymptotic 
form, which is valid when ( is extremely large, there is a marked broadening of (), which 

owes exclusively to DCSB. This causal connection may be claimed because the PDA is computed 
at a low renormalisation scale in the chiral limit, whereat the quark mass function owes entirely to 
DCSB via Eq. dS]). Moreover, the dilation measures the rate at which a dressed-quark approaches 
the asymptotic bare-parton limit. It can be verified empirically at JLabl2, e.g. in measurements 
of the pion’s electromagnetic form factor, the ratio of the proton’s electric and magnetic form 
factors, and the behaviour of the form factors that characterise transitions between the nucleon 
and its excited states. 

A question of more than thirty-years standing can be answered using Fig. [5] namely, when 
does ipT y (x) provide a good approximation to the pion PDA? Plainly, not at ( = 2 GeV. The 
ERBL evolution equation HI IS ] describes the ("-evolution of and applied to (p n (x] () 

in Fig. [5] one finds [SO, HD E2] that (pT v (x ) is a poor approximation to the true result even at 
( = 200 GeV. Thus at empirically accessible energy scales, the PDAs of ground-state hadrons are 
“squat and fat”. Evidence supporting this picture had long been accumulating [83l[Ml 1851 [86] : 
and the dilation is verified by simulations of lattice-QCD [80, 81, 82]. 


6. Electromagnetic properties of hadrons 

It is now possible to add flesh to the bones of Eq. (jT]) . In the theory of strong interactions, the 
cross-sections for many hard exclusive hadronic reactions can be expressed in terms of the PDAs 
of the hadrons involved. An example is the pion’s elastic electromagnetic form factor, for which 
the prediction can be stated succinctly mmmw 


3Q 0 > Aqcd 


Q 2 f, 


(Q 2 ) 


Q 2 >Ql 


16ira s (Q 2 )f 2 zv 2 , 


iv, n = 


\ fdx- 
3 Jo x 


Vn{x) , 


( 11 ) 


where a s (Q 2 ) = 4 tt/[{3q ln(Q 2 /AQ CD )], with /3q = 11 — (2/3 )rif (rif is the number of active 
quark flavours), is the leading-order expression for the strong running coupling. As noted in 
the Introduction, the value of Qo is not predicted by perturbative QCD. Here Aqcd ~ 0.2 GeV 





Figure 6. Q 2 Ftt(Q 2 ). Solid curve (A) - Theoreti¬ 
cal prediction [93]; dotted curve (B) -monopole form 
fitted to data; dot-dot-dashed curve (C) - pertur¬ 
bative QCD (pQCD) prediction computed with the 
modern, dilated pion PDA described in Sec. [5] and 
dot-dot-dashed curve (D) - pQCD prediction com¬ 
puted with the asymptotic PDA, which had previ¬ 
ously been used to guide expectations for the asymp¬ 
totic behaviour of Q 2 Ftt(Q 2 ). The filled-circles and 
-squares represent existing JLab data m ; and the 
filled diamonds and triangle, whose normalisation is 
arbitrary, indicate the projected Q 2 -reach and accu¬ 
racy of forthcoming experiments [9S] [SB] • 


is the natural mass-scale of QCD, whose dynamical generation through quantisation spoils the 
conformal invariance of the classical massless theory [57;, [88] 189]: Aqcd, whose value must be 
determined empirically within the Standard Model, sets the scale for the dynamically generated 
masses described above. 

It was hoped that JLab would verify this fundamental Standard Model prediction, Eq. (tm>; 
and in 2001, seven years after commencing operations, the facility provided the first high- 
precision pion electroproduction data for F n (Q 2 ) between Q 2 values of 0.6 and 1.6 GeV 2 [90]. 
In 2006 and 2007, this domain was revisited |91j and a new result was reported, this time at 
Q 2 = 2.45 GeV 2 [92] . However, there was disappointment and surprise, with the collaboration 
stating that experiment is “still far from the transition to the Q 2 region where the pion looks 
like a simple quark-antiquark pair.” This data is represented in Fig. [HI by the filled circles and 
squares, drawn from Ref. [S3], and the collaboration were comparing with Curve-D in the figure, 
which is the prediction obtained when sy (x ), the asymptotic PDA appropriate to the conformal 
limit of QCD, is used in Eq. (ITTD . 

The confusion was compounded by the fact that JLab’s data confirmed the behaviour 
predicted by a DSE-RL prediction for the pion form factor, computed in 2000 [[97]. That 
prediction could not resolve the difficulty because it relied on brute numerical methods and 
hence could not produce a result at Q 2 > 4 GeV 2 . This limit is marked by the vertical dashed- 
line in Fig. [6] In appearance, however, the shape of the prediction suggested to many that one 
might never see parton model scaling and QCD scaling violations at the momentum transfers 
accessible to JLab, even after its upgrade. 

This conundrum was recently resolved [93]. Using a refinement of known methods [981199] . also 
employed in the successful analysis of ip n {x-, £), described in Sec. [5] a reliable prediction of F n (Q 2 ) 
is now available on the entire domain of spacelike Q 2 . This is Curve-A in Fig. [6] Moreover, the 
analysis enables correlation of that result with Eq. (1 11 II . using the modern PDA computed in 
precisely the same framework, which is Curve-C in the figure. This leading-order, leading-twist 
QCD prediction, obtained with a pion valence-quark PDA evaluated at a scale appropriate to the 
experiment, underestimates the full DSE-RL computation by merely an approximately uniform 
15% on the domain depicted. The small mismatch is explained by a combination of higher- 
order, higher-twist corrections to Eq. m in pQCD on the one hand and, on the other hand, 
shortcomings in the rainbow-ladder truncation (see Sec. ED, which predicts the correct power-law 
behaviour for the form factor but not precisely the right anomalous dimension (exponent on the 
logarithm) in the strong coupling calculation. Hence, disappointment is now transformed into 
optimism because the comparison of Curves-A and C in Fig. [6] predicts that the upgraded JLab 
facility will reveal a maximum at Q 2 ~ 6 GeV 2 and an experiment at Q 2 = 9 GeV 2 will see a 
clear sign of parton model scaling for the first time in a hadron elastic form factor. 








Figure 7. Comparison between CLAS data 
[lOOl on the magnetic 7 + N —»• A transition 
form factor and a recent theoretical prediction m- 
The dashed curve shows the result that would be 
obtained if the interaction between quarks in QCD 
were momentum-independent IS]. The solid curve 
is obtained with precisely the same QCD-based 
formulation as was employed in a successful analysis 
of nucleon elastic form factors, which explains 
[19] the behaviour of the ratio ^ P G P E (Q 2 )/G P M (Q 2 ) 
described in the Introduction. The experiment- 
theory comparison establishes that experiments 
are sensitive to the momentum dependence of 
the running couplings and masses in QCD; and 
the theoretical unification of N and A properties 
highlights the material progress that has been 
made in constraining the long-range behaviour of 
these fundamental quantities. (Figure courtesy of 
V. Mokeev.) 


The implications of this marked shift in perspective are manifold. In the foreseeable 
future one may reasonably expect empirical confirmation of the theory of factorisation in hard 
exclusive processes, and expose the dominance of hard contributions to the pion form factor 
for Q 2 > 8 GeV 2 . One will simultaneously find that the normalisation of F n (Q 2 ) is fixed by a 
pion wave-function whose dilation with respect to (p^ y (x ) is a definitive signature of DCSB. The 
experiments will thus provide a direct measurement of the strength of DCSB in the Standard 
Model, the origin of the vast bulk of visible mass. These will be important pages in a book on 
the Standard Model, in which the first lines were written forty years ago. 

7. Implications for protons, neutrons and their excited states 

The understanding at which we have now arrived paves the way for a dramatic reassessment of 
pictures of proton and neutron structure, which is already well underway [ 21 ]. One particular 
example shall here serve to illustrate that progress. 

Given the challenges posed by non-perturbative QCD, it is insufficient to study hadron 
ground-states alone. Many novel perspectives and additional insights are provided by nucleon- 
to-resonance transition form factors, whose behaviour at large momentum transfers can reveal 
much about the long-range behaviour of the interactions between quarks and gluons m- 
Indeed, the properties of nucleon resonances are more sensitive to long-range effects in QCD 
than are those of hadron ground states. The lightest baryon resonances are the A(1232)-states; 
and despite possessing a width of 120 MeV, these states are well isolated from other nucleon 
excitations. Hence the 7 + N —> A transition form factors have long been used to probe 
strong interaction dynamics. They excite keen interest because of their use in probing, inter 
alia, the relevance of perturbative QCD to processes involving moderate momentum transfers 
[ 102 l Il03l [104]; shape deformation of hadrons nng; and, of course, the role that resonance 
electroproduction experiments can play in exposing non-perturbative features of QCD m- 
Using the “CLAS” detector at JLab, precise data on the dominant 7 + N —> A magnetic 
transition now reaches to Q 2 = 8 GeV 2 ; an eventuality that poses both great opportunities and 
challenges for QCD theory, some of which have recently been met, as illustrated in Fig. [7] 

















8. Insights from continuum-QCD 

Perhaps the most important understanding to draw from this contribution is highlighted in 
connection with Eq. ((6l) ; namely, dynamical chiral symmetry breaking (DCSB) in QCD - the 
generation of mass from nothing - is expressed fundamentally in a near-identity between the 
dressed-quark one-body problem and the pseudoscalar two-body problem. As illustrated in 
Secs. HJini this has enabled theory to arrive at a detailed understanding of Nature’s lightest 
hadron, viz. the pion. The dressed-quark mass function (Fig. (21) is known and there is no material 
model dependence. Hence, continuum-QCD theory is on the threshold of drawing a complete 
picture of the pion’s light-front valence-quark wave-function, which provides the closest thing in 
quantum field theory to a quantum mechanical picture of the pion. 

In parallel, continuum-QCD is providing predictions of the light-front structure of other light- 
quark hadrons [52[ HU6j and embarking on analyses of generalised parton distributions for these 
systems [7611107) . with a view to providing a unified QCD-based and quantum mechanical picture 
of the light-quark meson sector of the Standard Model. Sec. [7] indicates that developments in the 
baryon sector are equally promising; and Sec. [3] suggests that continuum-QCD is on the verge 
of providing genuinely ab initio predictions for hadron observables. 
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